Amylin is the 37-residue peptide hormone produced by the islet β-cells in the pancreas and the formation of amylin aggregates is strongly associated with β-cells degeneration in type 2 diabetes, as demonstrated by more than 95% of patients exhibiting amylin amyloid upon autopsy.
Introduction
Conformational disease is a general term often used to identify a number of disorders which are characterized by aggregation and deposition of specific proteins. Although the physiological roles of some of these aggregation-prone proteins have yet to be fully elucidated, 1 it is possible to distinguish several different pathologies depending on the aggregation of a specific protein, i.e. β-amyloid for Alzheimer's Disease, 2 α-synuclein for Parkinson's Disease, etc. In these diseases, the proteins in question are known to convert from their native functional state into highly organized fibrillar aggregates. In the case of amylin, 3, 4 the observation of amyloid deposits in islets of Langerhans of individuals with type 2 diabetes was for long time considered not important, probably because while researchers studying other pathologies were looking for protein to blame that could be responsible for the possible pathogenic mechanism, the research field of type 2 diabetes was already well established and mainly directed towards the study of insulin resistance. 5 Many researchers regarded the observed failure of beta-cells only as a secondary event due to some elusive mechanism of "glucose toxicity". In addition, it is important to note that amylin in mice or rats have a different amino acid sequence which confer to the amylin molecules different aggregation properties. 6 Therefore, the use of these animals as models hindered the recognition of the connection between amylin aggregation and the pathology.
In recent years, it has been documented that aggregates of amylin are directly toxic to beta-cells 7 and much effort has been put toward the investigation of the possible factors triggering such aggregation. [8] [9] [10] Indeed, a common feature of all amyloid deposits is the association in situ with a number of cofactors such as membrane lipids, other proteins, glycosaminoglycans and metals. 11 In the case of 5 amylin, many modulators of its aggregating properties have been identified. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In this scenario, the role that some metal ions have in the aggregation of human [22] [23] [24] or rat 25 amylin and its fragments has also been investigated in recent years. While zinc(II) ions have been shown to inhibit the formation of aggregated and toxic forms of human amylin, 22 providing a possible mechanism between the zinc transporter ZnT8 and type II diabetes, 26 the role of copper(II) ions in the aggregation and dyshomeostasis of amylin has been controversial. 27 Indeed, while previous studies correlated copper (II) ability to inhibit amylin fibrillation with toxicity, 23, 28 others pointed out that copper(II) may contribute to cytotoxicity by inducing amylin to form oligomers, which may contribute more to cell death than fibrils do. 24 Mass spectrometry has also been applied to elucidate the structure of copper(II)-amylin complexes and the putative binding sites. 29, 30 However, there is a lack of study regarding the structure of copper(II)-induced amylin aggregates which could provide useful information for developing therapeutic strategies that could inhibit metal-induced aggregation and maybe even reverse it. Indeed, amylin homeostasis seems to be regulated also by the action of some metalloproteases which have been found to be able to degrade this hormone. [31] [32] [33] The further role that copper(II) might have in modulating the degradation of amylin by these enzymes has not been studied, even if this metal ion has been proven to be able to tune the enzymatic activity of some of these metalloproteases. [34] [35] [36] The copper(II)-driven conformational changes on h-amylin ought to have a large impact on its in vivo homeostasis.
Particularly, as a major contribution to amylin catabolism in vivo seems to be given by its degradation by metalloproteases, [31] [32] [33] we have also studied the effect of copper(II) on amylin degradation by IDE.
The latter seems to be involved in the proteolytic processing of many other different substrates, 37, 38 which often also function as modulators of its activity 39, 40 and degradation of amylin by IDE has already been reported in the literature. 41, 42 However, the cleavage sites of IDE on amylin seem to depend on the particular conditions used, as different peptide fragments are reported in different published works. 41, 42 In this scenario, considering also the link that might exist between copper(II) 6 dyshomeostasis and type II diabetes, 43 we have investigated the role of copper(II) ions into the packing and aggregating processes of human amylin (h-amylin) by several different experimental approaches.
Particularly, information on the kinetics, the structure and the proneness of amylin aggregates to be degraded by metalloproteases have been obtained and discussed. Moreover, owing to the observation that amylin receptors, being shared between amylin and beta-amyloid peptides, appear to be also involved in the pathophysiology of Alzheimer's disease 44 and thus representing a molecular link between the two epidemiologically associated conditions, we have also measured the effect of copper on the toxic activity of h-amylin and its short peptide 17-29 on neuronal cell cultures. to fix the length of the covalent bonds involving hydrogen atoms; this option allows reducing the integration time step down to a value of 2 fs without affecting the reliability of the simulations.
Experimental Materials and methods
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Furthermore, the non-bonded interactions were updated every ten dynamics steps and the coordinate frames were saved every 20 ps. A 20 ns implicit water MD simulation was performed on each single peptide at T=300 K to equilibrate the monomer. Ten replicas of the equilibrated monomer were then used to simulate aggregation in water. In the initial positions there were neither inter-or intramolecular contacts, i.e. the ten peptides were completely unfolded and not interacting in space. All simulations were started from random positions, orientations and conformation of the peptide copies.
The final assembly was simulated in a cubic box of 600 Å side and re-equilibrated for 20 ns at 300 K.
These conditions correspond to a final peptide concentration of 10µM. Additional MD runs carried out 8 by varying the size of the solvent box (i.e. at different peptide concentrations) did not modify the outcome of the simulations. Next, productive MD simulations were carried out at 300K for total 1µs.
The polar order parameter was considered to monitor the aggregation process as described elsewhere.
The parameter P1, which is widely used to study the properties of anisotropic fluids, is defined as:
where (the director) is a unit vector defining the preferred direction of alignment, is the molecular unit vectors linking the peptide's N-and C-termini and N is the number of molecules in the simulation box,
i.e. three in the present study. The polar P1 describes how the molecular vectors point in the same direction, and discriminates between parallel and antiparallel/mixed ordered aggregates.
The Root Mean Square Deviation (RMSD) analysis of an aggregate is usually employed to check the stability of the simulated system. The RMSD between two structures (corresponding to times ti and ti+1 of the trajectory) is defined as follows:
where r i and r i+1 represent the position vectors of the N protein atoms calculated at time i and i+1 respectively.
Solid-State NMR
9
13C CPMAS NMR spectra were recorded at room temperature on a Varian Infinity plus spectrometer at a Larmor frequency of 75.47 MHz using a 3.2 mm MAS probe spinning at 25 kHz. TPPM decoupling at a field of 100 kHz was applied during acquisition of the 13C spectrum. Chemical shifts are quoted relative to TMS, using adamantane as a secondary external reference.
Mass Spectrometry
The peptide fragments generated by the enzymatic digestion of amylin by IDE were analyzed by using 
Hydrogen/ Deuterium exchange experiments
The H/D exchange experiments were performed on h-amylin before and after incubation with copper (II) using a protein: metal molar ratios of 1:10. The latter condition was applied in order to ensure that the amount of free amylin in solution was negligible. Indeed, in figure 1S of the Supplementary
Material the mass spectra and the peak assignment of three amylin-copper solutions at various molar ratios are reported. It can be noted that the 1:10 molar ratio ensures the maximum amount of amylincopper complex (the peak assigned to free amylin is absent in this case) without the formation of other species other than the 1:1 metal-amylin complex. The HPLC analysis was quickly performed with cold solvents keeping the column in an ice-bath to reduce the H/D back-exchange kinetics. In these conditions, deuterium ions from the amino acid side chains and the peptide C-terminus are rapidly substituted with hydrogens while exchange from amide bonds is much slower and can be measured. Duplicate analyses were performed for each time point.
Limited Proteolysis Experiments
The limited proteolysis experiments were performed on h-amylin before and after incubation with copper (II) using a protein: metal molar ratio of 1:10. Protein samples were individually treated with chymotrypsin, subtilisin and elastase. Enzymatic digestions were all performed in 50 mM ammonium hydrogen carbonate pH 7 at 25°C by using an E:S ratio (w/w) of 1:100 in the case of chymotrypsin and 1:50 in the case of subtilisin and elastase. After 2h incubation, digestion was stopped by adding trifluoroacetic acid and aliquots of the peptide mixtures were directly analysed by MALDIMS.
MALDI-MS analyses were carried out on a Voyager DE-PRO MALDI TOF (ABI Sciex) mass spectrometer equipped with a reflectron analyzer and used in delayed extraction mode with Voyager control software. 1µl of peptide mixture was mixed with an equal volume of a-cyano-4-hydroxycynnamic acid as matrix (10 mg/ml in 0.2% TFA in 70% acetonitrile), loaded onto the metallic sample plate and air dried. Mass calibration was performed using the internal standard calibrants added to the matrix. MALDI-MS data were acquired over a mass range of 250-6000 m/z in the positive mode using the software provided by the manufacturer.
Sample preparation
All peptide samples were subjected to a disaggregating procedure to remove any existing preaggregated form before carrying out each experiment. The protocol consists in dissolving samples in 
Circular Dichroism spectroscopy
The Circular Dichroism (CD) spectra were obtained at 37 °C under a constant flow of N 2 on a Jasco J-810 spectropolarimeter equipped with a Peltier thermoelectric type temperature control system.
Experimental measurements were conducted at pH 7 using 1 cm or 0.1 cm path length cuvettes. The 
Thioflavin-T assay
Fluorescence emission spectra of Thioflavin-T (ThT) undergo a red shift upon incorporation into β-sheet amyloid structures. Fluorescence was monitored as a function of time in a 96-well plate using a VARIOSKAN plate reader. The measurements were carried out using, as a control, the time dependence of the fluorescence of ThT solutions without the peptide. Samples were monitored over a 1400 min period at an excitation wavelength of 450 nm and the emission was 480 nm.
Cell cultures and h-amylin cytotoxicity
Human neuroblastoma cell line (SH-SY5Y: ATCC® CRL-2266™) and insulinoma cell line (RIN-m:
ATCC® CRL-2057™) were cultured in DMEM/F12 medium (1:1) and RPMI 1640 respectively, supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (50 U/ml) and streptomycin (50 µg/ml). The cells were maintained in a humidified environment at 37°C and 5% CO 2 and cultured in 75 cm 2 culture flasks. The medium was replaced twice a week and cells were splitted upon reaching about 80% confluence. The day prior to treatment cells were harvested and seeded in 48-well plates at a density of 25000 cells/well. The cells were treated as soon as they reached maximal confluence.
To evaluate the cytotoxicity produced by the h-amylin peptide, insulinoma and neuroblastoma cell cultures were treated for 48 hours with different preparations of 17-29 h-amylin peptide and full length protein, and viability was then measured by the classic MTT protocol.
MTT ASSAY
The toxicity of the peptides was measured through the determination of cell viability of treated cells
The test is based on the ability of the mitochondrial enzyme, cytochrome c oxidase and succinate dehydrogenase, to reduce yellow tetrazole into purple formazan that, being unable to cross the plasma membrane, will accumulate within the living cells. Solubilization of formazan crystals with an appropriate detergent will produce a purple solution, and absorbance measureswill indicate cells viability. After treatment with the peptide preparations, cell cultures were incubated for 1 hour at 37°C 13 in the MTT solution (1mg/ml in PBS); the formed crystals were melted with DMSO. After solubilization of the formazan crystals a microplate reader was used to read the absorbance at 590nm.
Results and discussion
To study the conformational changes that copper ( Chymotrypsin (see Figure 2S of the supplementary material). Limited proteolysis was carried out at 37°C in 50 mM of ammonium hydrogen carbonate hydrolysis buffer at pH 7 for 2h. The MALDI-MS analyses allowed to monitor the changes in the cleavage sites after copper(II) addition (see Figure 2) . It was so possible to establish that the copper(II) binding site is located in the region containing the His18 residue which is likely the metal binding site. This result was further confirmed by using IDE as amylin proteolytic enzyme (see introduction). Figure 3 shows that, in the presence of copper(II), the cleavage sites of IDE on amylin (determined by the MS detection of the IDE-produced amylin fragments, data not shown) decreased in number but also, more importantly, changed drastically. It was particularly interesting that, apart from the expected inhibitory role of copper(II) on amylin degradation by IDE (data not shown), 34 ,36,45 the enzyme was no longer able to cut the peptide in the middle part of its sequence, indicating that conformational changes driven by copper(II) binding to this segment of peptide chain renders the latter unavailable for enzymatic hydrolysis.
Once it was assessed that copper(II) induces a conformational change on the h-amylin molecules, we decided to investigate the aggregation kinetics of h-amylin in the presence and in the absence of the metal ion. For this purpose, CD as well as ThT fluorescence measurements were carried out on the various samples. In Figure 4 the CD spectra of h-amylin incubated at 37 o C with copper (II) at different times are reported together with the CD profile of the protein alone. In the absence of copper the polypeptide adopts a random coil conformation, while in the presence of metal ions h-amylin conformation shifts toward a mix of random coil and α-helix structures. Indeed, the minimum near 200 nm undergoes a red shift over time which indicates a stabilization of an α-helix conformation, while there is not the presence of the negative peak at 216 nm over time, confirming the absence of β-sheet structures. 46 Therefore, although copper induces a conformational change onto the h-amylin molecule which shifts the equilibrium toward a more structured form (see MS results), the lack of β-sheet structures as seen by CD indicates the absence of an induced fibrillar form of the protein. This result was further confirmed by ThT fluorescence measurements. Figure 5 shows the h-amylin ThT kinetics, recorded at pH 7.0 in the absence and in the presence of copper(II) (1:1 ratio). In the absence of copper(II) a short lag phase (near 100 min.) followed by a rapid growth of ThT fluorescence was observed. In contrast, in the presence of copper the lag phase was almost 3 times longer and the fluorescence intensity after 600 minutes was more than 2 times lower, confirming the absence of metal induced fibrillar form of h-amylin. Indeed, copper(II) induces a conformational change on the protein that, although is in a more structured state (H/D exchange MS and CD results), is less prone to aggregation, in accordance with previous works. 23, 46 Finally, in order to get a closer insight onto the mechanism by which copper(II) induces the above reported changes on both the conformation and aggregation properties of h-amylin, we have used the 17-29 h-amylin fragment ( Figure 3 ) in order to carry out simulations as well as solid-state NMR measurements on the aggregated state. The reason and the validity of using this particular peptide portion has already been reported elsewhere. 10 Figure 6 shows 13C CPMAS spectra of three 17-29 hamylin fragments (A-C). Sample A is the native 17-29 h-amylin fragment, with U-13C3-15N1-Ser29 isotopic labelling. Sample B is the same fragment, which has been bound to copper(II) ions in a 1:1 ratio. Sample C is 17-29 h-amylin fragment with U-13C5-15N1 Val17 which has also been bound to copper(II) ions in a 1:1 ratio. Observed shifts are recorded in ppm (see Table 1 ), spectra were recorded at 25 kHz. All spectra displayed a broad peak arising from natural abundance 13C nuclei which are present in all residues. Sample A showed three sharp resonances for the carbonyl, α and β carbons of the universally labelled Ser29 residue consistent with the values reported in the literature for full length h-amylin. 47 Sample B clearly displayed shift differences compared to A, consistent with a hyperfine coupling to the paramagnetic copper(II) ions present. Only two resonances were observed, which were attributed to the α and β carbons. This suggests that the carbonyl signal has been broadened due to paramagnetic relaxation effects. Sample C also displayed large differences form the expected shifts due to paramagnetic couplings. These data indicate that both Val17 and Ser29 residues at each end of the fragment experience significant paramagnetic shifts and are therefore both close in space to the copper(II) ion. suggesting that they rapidly collapse to give a stable, compact structure.
An analysis of the secondary structure percentages averaged along the entire simulation provided information about the conformational preferences of the peptide in the condensed state ( Table 2) residues at each end of the 17-29 h-amylin fragment experience significant paramagnetic shifts and are therefore both close in space to the copper(II) ion. However, the C-terminus of 17-29 h-amylin is not supposed to bind copper(II) and, as a consequence, the NMR results may be explained i) assuming that copper(II) binds the N-terminus (Val17) of the peptide and induce the molecule to bend and adopt a Ushaped structure or ii) supposing an head-to-tail arrangement of the peptide aggregates. In general, little is known about the metal-binding sites in the aggregated state of peptides and it is difficult to establish by experiments which of these two hypotheses holds true when the peptide aggregates. Therefore, we resorted to CTMD simulations which pointed clearly to an head-to-tail topological arrangement of the aggregated peptides. All these simulations were performed in the absence of copper(II) ions. We are aware that MD simulations performed in the presence of copper ions would allow a better comparison with NMR results. However, the presence of a metal ion in the system would make the use of QM 18 simulations much safer, as they embody charge polarization and screening, rather than the use of the purely classical MD adopted in the present work. But an obvious limitation to the use of QM simulations is the foreseeable very short length of the computed trajectory (few picoseconds for systems of the size one is interested in here by using commonly-available hardware resources) which certainly cannot fully account for the complicated peptide aggregation dynamics.
The time evolution of the secondary structure for each replica of the 17-29 h-amylin fragment, reported in Figure 9 , underlines the high tendency to self-assembly in beta-sheet for this system. This observation is consistent with the RMSD curves of the 17-29 h-amylin fragment in water that are typical of a structured system with high rigidity and compact packing. Figure 10 shows a representative snapshots of the 17-29 h-amylin fragment aggregated in water. In principle, in the early steps of aggregation, all amyloidogenic peptides assembled into highly ordered β-sheet structures. During the assembly, the peptides tend to align adopting an extended β-strand conformation and a remarkable change in the local orientational order occurs. The aggregation of amyloid forming peptides may then be interpreted as an order transition and orientational order parameters are suitable to monitor the time evolution of the process. Figure 11 reports the projections along the polar order parameter P1 of the 17- However it cannot be excluded that cell viability could also be affected by the formation of toxic free radical species produced in the presence of Cu(II). The treatment of neuroblastoma as well as insulinoma cell cultures with h-amylin 1-37 (full protein) preparations (20µM) for 48 hours, revealed that amylin toxic effect was, in this case, not affected by the presence of copper ions during the 48h of in vitro pre-incubation (Figures 13 and 14) . This result could be related and is in agreement with the measured differences of CD spectra and the absence of metal induced β-sheet structures (fibrillar form) of h-amylin. These conformational changes can also explain the highest level of toxicity that we observed after cell culture treatment with 17-29 h-amylin fragment preincubated in the presence of Cu(II) and the absence of effects of copper on h-amylin 1-37 spontaneous evolution towards toxic species.
Conclusions
Finally, we believe that, as copper(II) dyshomeostasis seems to be involved in the development of type II diabetes, the reported differences observed both in the kinetics as well as in the kind of the aggregates of h-amylin in the presence and in the absence of copper(II) may have important implications in vivo which should be further investigated. Table 2 . Secondary structure averaged along simulation in water.
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